Mutual impact of clinically translatable near-infrared dyes on photoacoustic image contrast and in vitro photodynamic therapy efficacy," J.
Introduction
The past few decades have seen exponential growth in the utility of light for diagnosis and therapy of cancer. Specifically, in the cancer therapeutics realm, photodynamic therapy (PDT) has shown exceptional promise in impacting outcomes, due to spatially and temporally localized treatment with less systemic toxicity. [1] [2] [3] [4] [5] PDT is a light-based therapy that uses a photosensitizer (PS) to generate cytotoxic reactive molecular species such as the singlet oxygen molecules to target and kill cancer cells. Clinically, PDT's worth as a mainstream therapy is currently being explored for various skin cancers, head and neck cancer, brain tumors, pulmonary and pleural mesothelial cancer, gastroenterological cancer, and urological disease, as well as for oral cancer. 6, 7 Recently, the efficacy of PDT was demonstrated in oral cancer patients with early stage lesions. A single session of PDT treatment resulted in negative biopsies and excellent healing of the mucosa. 8 Despite promising results, one of the main hurdles for PDT in cancer has been variations in treatment outcome due to intertumor and intratumor heterogeneity in PS uptake due to irregular tumor vascular structure. 5, 9, 10 As the PS molecule is inherently a theranostic agent, its fluorescence properties have traditionally been utilized to monitor uptake and photobleaching to predict PDT response and reduce the variability in the treatment outcome. 11, 12 However, due to the inability of wide field fluorescence imaging technique to provide three-dimensional images, a comprehensive picture of PS uptake cannot be obtained and there is a need for imaging modalities, such as photoacoustic imaging (PAI), to obtain the heterogeneous distribution of the PS in the tumor.
In PAI, the delivered nanosecond pulsed light energy is absorbed by the dye and converted into heat, leading to thermoelastic expansion and subsequent ultrasound wave emission unlike the radiative relaxation of the excited dye molecule in fluorescence imaging. [13] [14] [15] [16] Primarily, the PAI contrast depends on the optical absorption properties of the dye that enables it to monitor dye uptake 17, 18 and dye-environment interactions. 19, 20 In the near-infrared (NIR) optical window range, indocyanine green (ICG) and IRdye800CW are the only U.S. Food and Drug Administration (FDA)-approved dyes for imaging that can provide photoacoustic (PA) contrast. ICG is used as a PA contrast agent either in its free form or associated with different types of nanoparticles. 21 ICG is not a good PS due to its meager singlet oxygen quantum yield (0.10 to 0.20), 22, 23 but it is an excellent contrast agent. On the other hand, benzoporphyrin derivative (BPD) is the only FDA-approved NIR PS with high singlet oxygen quantum yield of 0.77 24 and is not conditioned to be a good PAI agent. Despite being categorized as theranostic agents, neither BPD nor ICG can individually be used successfully for both PDT and PAI simultaneously. Furthermore, the pulsed irradiation utilized for PAI could also be used to excite BPD to generate singlet oxygen and the resultant therapeutic effect is on par with continuous wave (CW) irradiation. 25 Hence, several avenues are being explored to design entities that can be both excellent PAI and PDT agents, such as conjugating PS with gold nanovesicles that are good PA contrast agents 26 or encapsulating both PA and PDT agents within a nanoentity, such as liposomes. [27] [28] [29] [30] [31] Specifically in the latter case, it becomes critical to evaluate the interactions between the optical dyes, such as BPD and ICG, prior to extensive exploration on the nanoformulations. Loading the nanoentities with high concentrations of BPD and ICG for better signal-to-noise ratio or higher PS delivery can lead to unstable nanoparticles, quenching, and aggregation effects. While the combination of ICG and BPD is untried in a nanoformulation, in this study, we explore for the first time the mutual effects of ICG on BPD's phototoxicity and BPD's oxidation effect on ICG's PA signal-generation capabilities. We also perform studies on two oral cancer cell lines to show the phototoxic effect of BPD when irradiated with a CW laser generally used for PDT or a nanosecond pulsed laser light that is utilized for PAI. These studies inform us that BPD and ICG combination can be utilized for PAI-guided PDT, and it points the need to consider the mutual impact when designing drug delivery strategies.
Materials and Methods

Cell Culture
FaDu (hypopharyngeal squamous cell carcinoma) and SCC4 (tongue squamous cell carcinoma) cell lines were purchased from American Type Culture Collection. FaDu and SCC4 were cultured using Eagle's minimum essential medium (EMEM) and Dulbecco's modified Eagle's medium (DMEM) media, respectively. The media was supplemented with fetal bovine serum and antibiotics. Cells were grown in T75 flasks and maintained in a standard cell culture environment.
Photodynamic Efficacy of Benzoporphyrin Derivative in the Presence of Indocyanine Green
Post trypsinization, cells were counted and plated on a 24-well plate at a density of 20,000 cells per well. One day later, fresh media containing BPD (Benzoporphyrin derivative monoacid ring A, Verteporfin, 718.794 g∕mol, Sigma-Aldrich) and ICG (774.98 g∕mol, U.S. Pharmacopeia) in varying ratios (BPD:ICG concentrations-0.25:0, 0.25:0.0625, 0.25:0.25, 0.25:0.5, 0.25:1, and 0∶1 μM, respectively) was added to the cells and incubated for 1 h. The concentration and incubation period was chosen for minimal dark toxicity and maximal dye uptake based on previously reported studies. 18, [32] [33] [34] After the old media was replaced with fresh media, the cells were irradiated with a 690 nm CW laser (HPD 7401 Laser Source) at an irradiance of 50 mW∕cm 2 and energy densities of 1 
Benzoporphyrin Derivative and Indocyanine Green Interactions in Solutions
For quantifying the decrease in absorbance of ICG due to PDT, we devised an experiment where solutions of BPD and ICG at various ratios in dimethyl sulfoxide (DMSO) were irradiated with a CW laser at 690 nm or a nanosecond pulsed laser operating either at 690 or 800 nm wavelength. The CW laser irradiance was 50 mW∕cm 2 and solutions received a dose of 5, 10, and 20 J∕cm 2 . The pulsed laser energy was 5 mJ∕pulse and solutions were irradiated with 1000, 2000, and 4000 pulses to match the CW laser dose. Prior to and after the irradiation, absorption spectra of the solutions were recorded using a Synergy H1 microplate reader (BioTek).
Photoacoustic Imaging of Tissue-Mimicking Phantoms
To prepare tissue-mimicking phantoms, FaDu cells were incubated with EMEM media containing BPD (1 h) and ICG (24 h) in various ratios (BPD:ICG concentrations-0:5, 5:0, 5:5, and 0.25∶1 μM). The cells were washed with phosphate-buffered saline and collected using trypsin. For each condition, 20 × 10 6 cells were mixed with 400 μL of 8% (w/v) gelatin and plated on a plain gelatin bed inside a silicone rubber spacer (13 mm diameter) in a 60-mm Petri dish. The photographs of the phantom are provided in Fig. S1 in the Supplementary Material. PAI and ultrasound (US) images were acquired using a VisualSonics LZ250 optical fiber bundle-coupled 15 MHz ultrasound transducer (bandwidth = 13 to 24 MHz, number of elements = 256, and aperture = 22.5 mm) connected to the Verasonics HF Vantage 256 system. A Q-switched, wavelength tunable laser operated at 10 Hz pulse repetition rate and 4 to 7 ns pulse width was used as the coherent light source. Light was delivered through a fiber-optic bundle focused at around 11-mm depth away from the transducer. The Vantage system and the Opotek laser were triggered using a Rigol DG 4102 signal generator at single polarity 5 V, 10 Hz square wave with 20% duty cycle (10 ms pulse width). The graphical representation of our imaging set up is shown in Fig. 1 , where the tissue-mimicking sample was in the transducer imaging plane inside a Petri dish filled with deionized water for acoustic coupling between the transducer and the sample. To understand the ICG degradation in different sample combinations (with or without BPD) due to pulsed light irradiation, samples were irradiated with each wavelength (690 or 800 nm) for up to 900 s at a rate of 10 pulses per second and 15 mJ∕cm 2 per pulse. PA monitoring was performed at 690 or 800 nm at every 150 s intervals. All experiments were done at ambient room temperature conditions and the data were processed using customized MATLAB codes. PA images were captured at a frame rate of 10 Hz and the final image displayed in Figs. 6(a)-6(i) was obtained by averaging four consecutive images. The images generated had lateral and axial pixel dimensions of 88 and 44 μm, respectively. The PA images were compensated for the difference in laser output energy at the two wavelengths (690 and 800 nm), and the background signal (captured at 900 nm, wavelength where BPD and ICG have negligible absorption) was subtracted from the resultant image. The PA signal amplitudes from the different tissue-mimicking phantoms are displayed as a function of time in Figs. 6(j) and 6(k).
Results and Discussion
Indocyanine Green Has Minimal Impact on the Photodynamic Efficacy of Benzoporphyrin Derivative In Vitro
ICG has an absorption peak at around 800 nm with broader absorption in the 675 to 845 nm range at ∼13.5% of the peak absorbance ( Fig. 2 , green line). BPD has two absorption peaks, namely the Soret band at 420 nm and the Q band at 690 nm, respectively ( Fig. 2 , red line). ICG has low absorption in the Soret band region of BPD, whereas BPD has low absorption at wavelengths greater than 720 nm. It can be seen in Fig. 2 that both ICG and BPD have significant absorption at 690 nm, which makes it necessary to study the interactions when they are used in combination for PAI-guided PDT. The viability of two different cell lines (FaDu and SCC4) evaluated 24 h post PDT with three different types of lasers and various ratios of the two dyes is shown in Fig. 3 . The BPD concentration was kept constant at 0.25 μM except in the control "no-treatment" group ( Fig. 3 , group 1, black bars) and in the "no-BPD" group with 1 μM ICG concentration ( Fig. 3, group  7) . The ICG concentration was 0, 0.063, 0.25, 0.5, and 1 μM in groups 2 to 6, respectively. The results were normalized to the control no-treatment group 1 values. The 690 nm CW light irradiation at doses 1, 5, and 10 J∕cm 2 in group 7 showed 99.3 AE 9.8%, 100 AE 11.4%, and 102 AE 8.8% of viable cells, respectively. The 690 and 800 nm pulsed irradiation showed cell viabilities to be 99 AE 12.1%, 96 AE 2.9%, 92.4 AE 8.6%, 90.6 AE 4.6%, 91.1 AE 8.3%, and 87.1 AE 8% for 200, 1000, and 2000 pulses, respectively. Overall, there was no statistically significant difference between the control group 1 and all the light doses in group 7 for the FaDu cells ( Table S1 in the Supplementary Material) at different illumination wavelengths. On the other hand, Fig. 2 Absorption spectra of BPD and ICG (5 μM concentration each). ICG has lower absorption near the Soret band of BPD, whereas BPD has lower absorption at 800 nm. Fig. 3(a) , right panel, group 7] showed very minimal response at higher light dose of 10 J∕cm 2 with 690 nm CW laser but had no statistically significant difference at a lower doses of 1 and 5 J∕cm 2 , respectively ( Table S2 in the Supplementary Material). We attribute this observation to ICG's photosensitizing properties at higher light doses. For example, to achieve significant cell death, Abels et al. 33 utilized longer incubation time (24 h), higher ICG concentration (>5 μM), and higher light dose at 800 nm (80 mW∕cm 2 , 24 J∕cm 2 ) than the parameters used in our study (1 μM, 1 h accumulation, 50 mW∕cm 2 , 10 J∕cm 2 ). We also do not see ICG being phototoxic to both FaDu and SCC4 cells for pulsed irradiation at both wavelengths for all doses (Tables S1 and S2 in the Supplementary Material). The ICG concentration used in our study for PAI did not kill the cells, but it was high enough to give us a detectable PA signal.
SCC4 cells treated with ICG only [
Less Than 1 μM Indocyanine Green Concentration Had Minimal Impact on the Photodynamic Efficacy of Benzoporphyrin Derivative In Vitro for Both Pulsed and Continuous Wave Regimes
To check if various ICG concentrations were influencing the PDT outcome at different illumination schemes, we compared group 1 (control, no-treatment, no dye) with groups 2 to 6. FaDu cells at 690 nm CW illumination at 1, 5, and 10 J∕cm 2 showed a significant difference between nontreated (group 1) and all treated groups (groups 2 to 6) containing BPD ( Table S1 in the Supplementary Material). The same trend was observed for FaDu cells irradiated with 1000 and 2000 pulses at 690 nm. Low number of PA pulses (200 pulses at 690 nm pulsed irradiation) showed minimal or nonsignificant difference compared to the control group. SCC4 cells also had similar trends, except at 1 J∕cm 2 low-dose group CW 690 nm irradiation (Fig. 4 , top-right panel, red bars). SCC4 and FaDu cells display different chemoresistance, 35 and it is not surprising for these cells to display different PDT responses and the mechanisms involved are beyond the scope of this work and need to be studied further. At high light doses, groups 2 to 6 showed no statistical difference between 690 nm CW or pulsed laser irradiation at both 690 and 800 nm (Tables S1 and S2 in the Supplementary  Material) . At lower light dose, pulsed irradiation caused less cell death than CW laser (Fig. 3, red bars, top and middle panel) . These observations are in congruence with Pogue et al. 25 and Kawauchi et al. 36 Particularly for lower doses, the differences were observed, because pulsed PDT process consumes oxygen at a lower rate compared to CW laser, impacting singlet oxygen generation and therefore less therapeutic efficacy. Based on these observations and values, for the light doses and concentrations (below 1 μM) used, ICG did not influence BPD-PDT response. Fig. 4 Bar graphs representing percentage decrease in absorbance of ICG at 780 nm. The solutions were irradiated with (a) CW laser at 690 nm and nanosecond pulsed laser at (b) 690 nm and (c) 800 nm, respectively. The error bars are SEM. Two-way ANOVA Tukey's multiple comparison test was performed to identify statistically significant difference between the different conditions and p-value < 0.05 was considered significant (see Table S3 for constant ICG concentration and Table S4 for constant BPD concentration).
Photoacoustic Monitoring of Indocyanine Green Photodegradation in the Presence of Benzoporphyrin Derivative
PA signal intensity is highly dependent on the optical absorption coefficient and concentration of the dye being imaged. 13, 16 It has been shown previously that ICG, a tricarbocyanine dye, decomposes with light (20 pulses of 10 ms duration and total energy of 50 J) 37 and undergoes selfsensitized photodegradation. To evaluate if such an effect exists on ICG due to PA pulsed laser in the presence or absence of BPD, we performed experiments in solution and in tissue-mimicking phantoms.
The change in ICG absorbance 780 nm post irradiation with CW laser at 690 nm and nanosecond pulsed laser at 690 or 800 nm is shown in Fig. 4 . Irradiation was performed on various solutions with varying concentrations of BPD (0 to 20 μM) and ICG (1.25 to 10 μM). BPD has low absorbance at 780 nm (Fig. 2) and hence the condition BPD: ICG 5: 0 μM is not included in these data. Irradiation at 800 nm caused minimal ICG photodegradation (less than 5% decrease in absorbance), irrespective of the BPD concentration and light dose [ Fig. 4(c) ]. A significant difference was observed only between the no-treatment group [ Fig. 4(c) , black bars] and highest light dose [ Fig. 4(c) , 4000 pulses, blue bars]. A greater degree of ICG photodegradation was observed for both CW and pulsed 690 nm irradiation, compared to 800 nm pulsed irradiation. The extent of photodegradation was maximum for higher light doses. In addition, at 690 nm irradiation, CW laser produced more ICG photodegradation than the pulsed laser. The ICG photodegradation increased with increase in BPD concentration in the solution (Fig. 4 , groups 1 to 5). On the other hand, ICG photodegradation decreased with an increase in ICG concentration ( Fig. 4, groups 3, 6, and 7) . Similar trend (decrease in absorbance) was observed for ICG's absorbance at 690 nm (Fig. S2 in the Supplementary Material) , although the percentage decrease was lesser than 780 nm absorbance as expected.
Next, we irradiated the mixture of BPD and ICG solutions in the presence and absence of sodium azide (NaN 3 ), a quencher of singlet oxygen, to reinforce our observations in Fig. 4 . The percentage decrease in absorbance at 780 nm from three different BPD:ICG ratio solutions is demonstrated in Fig. 5 . We observed ∼30% less decrease in absorbance in the presence of NaN 3 (Fig. 5 , black bars) than in the absence of NaN 3 (Fig. 5, red bars) . Irrespective of the BPD:ICG ratio, we observe that NaN 3 attracts the BPD-generated singlet oxygen molecules before they can oxidize ICG.
Encouraged by the outcomes in Figs. 4 and 5 , experiments were performed to determine if similar trends can be monitored with PAI in a tissue-mimicking environment. Phantoms containing FaDu cells incubated in either BPD, ICG, or a mixture ( Fig. 6 ) underwent PAI at wavelengths 690, 800, and 900 nm, respectively. The PA images were plotted along with their US counterparts ( Fig. 6 , grayscale images, right panel) to facilitate comparison with the structural shape of the tissue-mimicking phantoms. As expected, the sample containing BPD alone had higher PA signal at 690 nm than at 800 nm [Figs. 6(b) and 6(c)]. The sample with ICG alone had higher PA signal at 800 nm than at 690 nm [Figs. 6(e) and 6(f)]. In agreement with absorbance curves shown in Fig. 2 , the sample with both BPD and ICG had higher PA signal at 800 nm than at 690 nm [Figs. 6(h) and 6(i)] as molar absorption coefficient of ICG is greater than BPD. 38, 39 Next, we irradiated the sample with pulsed laser (690 or 800 nm) for ∼900 s to photoacoustically monitor ICG's degradation. We observed the PA signal intensity decreases with pulsed laser exposure time as shown in Figs. 6(j) and 6(k). The presence of BPD [Figs. 6(j) and 6(k), blue bars] enhanced the ICG photodegradation in the mixture sample, i.e., the decrease in PA signal intensity was higher than in the sample with ICG alone [Figs. 6(j) and 6(k), green bars] and these differences were statistically significant. Furthermore, as expected from Figs. 4 and 5, the photodegradation with 690 nm pulsed irradiation is higher than 800 nm pulsed irradiation. These results clearly demonstrate that PAI can be used to monitor ICG photodegradation in the presence of singlet oxygen-generating molecules such as BPD. (j) and (k) Normalized PA signal as a function of pulsed irradiation time (or PDT power), monitored at 800 nm; (j) irradiation at 690 nm for ICG 5 μM (green), BPD 5 μM (red), and BPD∶ICG ¼ 5∶5 μM (blue); (k) similar to (j) except with 800 nm irradiation. Error bars show the standard deviations from three separate measurements taken at each interval. BPD-only signal (red) was close to the noise level because of negligible absorption at 800 nm. Two-way ANOVA Sidak's multiple comparison test was performed to identify statistically significant difference between the groups and p-value, where < 0.05 was considered significant; * p < 0.05, ** p < 0.01, # p < 0.001, and ## p < 0.0001.
BPD and ICG have molar extinction coefficient of 34; 895 M −1 cm −1 at 687 nm in DMSO 39 and 113790 M −1 cm −1 at 780 nm in water, 38 respectively. Both the dyes have significantly higher absorption and can be distinguished from the endogenous chromophores such as hemoglobin via fluorescence 40, 41 or PAI. 13, [42] [43] [44] [45] BPD is an excellent PS, whereas ICG needs very high PDT dose (μM × J∕cm 2 ) due to its low singlet oxygen quantum yield. More than a regular PS behavior, ICG molecule relaxes via nonradiative mechanisms, such as heat, and hence is a very good PA or photothermal therapy agent. 22 ICG is an interesting molecule with properties that heavily depend on the concentration and the surrounding environment. 38, 46 Several studies have shown that ICG demonstrates a blueshift in absorbance peak with an increase in the concentration or in the presence of serum, water, or salt, etc. 38, [46] [47] [48] [49] and degrades when irradiated with light. 50 Specifically, ICG undergoes conformational changes in the presence of reactive radicals that can either be self-generated or be generated by other molecules in the vicinity. J-aggregated ICG molecules or conjugation to plasmonic nanoparticles are shown to enhance ICG photostability. [51] [52] [53] The photodegradation properties of ICG are also cleverly utilized for drug delivery strategies as reviewed recently by Gorka and Schnermann. 51 Furthermore, ICG was shown to have enhanced photostability via encapsulation in lipids or association with plasmonic gold colloids. [54] [55] [56] All these studies clearly point out the versatility of ICG as a theranostic agent and the need for thorough photostability characterization in the presence of other dyes or oxidizing agents in these formulations both in solutions and in cellular environment.
Conclusions
Here we evaluated the mutual impact of BPD and ICG on their PDT efficacy and PA signal stability. We observed no effect of ICG on the phototoxic capability of BPD at both 690-and 800-nm laser illumination. We also did not notice significant difference in BPD phototoxicity between CW and pulsed laser illumination at 690 nm in the presence of ICG. We, however, observed that the presence of BPD enhanced photodegradation of ICG, leading to a reduction in optical absorption and corresponding decrease in PA signal intensity at 800 nm. Thus far, we are the first group to study the interactions between BPD and ICG for both continuous and pulsed illumination. As BPD is primarily a type II PS that generates reactive oxygen species, it remains to be seen if ICG would react in a similar fashion in the presence of a type I PS that generates other reactive molecular species. Overall, the photointeractions between the two dyes in close proximity emphasizes the need to incorporate such studies prior to the design of multiagent nanoentities. Our future studies in tissue-mimicking phantoms and preclinical cancer models will involve incorporation of these dyes within nanoentities to shield one another from the oxidation effects observed here and further enhance the image contrast while preserving the PDT efficacy.
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